The X-ray performance of Nb-Al-AlO x -Al-Nb superconducting tunnel junctions deposited on sapphire via X-ray absorption and phonon propagation in the substrate is studied for photons of energy 750 to 6000 eV. Two separate channels of phonon propagation can be identi ed, that of ballistic propagation of high frequency phonons, and that in which lower frequency phonons reach the STJ after di usive or multiple scattering at surfaces.
Introduction
Superconducting Tunnel Junctions (STJ) have provided X-ray detectors with good energy resolution (<1% for 6 keV incident photons directly absorbed in the superconducting thin lms comprising the STJ 1-3]).
Devices which have achieved these results have however very poor quantum e ciencies: their lm thicknesses are too small to stop these energetic X-ray photons, and as a result most of the 6 keV incident photons are absorbed in the substrate.
A simple increase in the thickness of the STJ is not a viable solution, since this would decrease the tunneling probability of the quasiparticles (charge carriers created by the breaking of Cooper pairs). Such a decrease would lead to a reduction in the measured signal and a resultant degradation in the energy resolution. A number of groups have examined the problem of absorption e ciency by the use of alternative higher Z superconductors such as tantalum (Z=73) rather than Nb (Z=41) or Al (Z=13) 2]. An alternative approach is to detect the X-ray events which are not directly absorbed in the thin superconductive lm, but in the substrate, by measuring the energy reaching the junction via phonon propagation from the substrate. A su cient portion of the energy of these events can be down-converted into phonons which cross the substrate-junction interface and break Cooper pairs in the superconductive electrode of the STJ.
Several authors have argued that this detection can take place in an e cient way, even when absorption takes place very deep in the substrate, because of phonon focussing due to the elastic anisotropy of the crystal used as the substrate [4] [5] [6] . The anisotropy focusses a signi cant portion of the phonon ux, which hence propagates along preferential directions called caustics. As a consequence, a much larger fraction of the phonon ux, arising from a photoabsorption site in the substrate, may reach the STJ than would be expected purely from a consideration of the solid angle subtended by the STJ, as long as the crystallographic alignment of the substrate is correct. Then the charge output of the STJ will be proportional to this ux, which is proportional to the energy of the incident X-ray photon.
The aim of this paper is to evaluate the feasibility and characteristics of X-ray detection via phonon propagation in the substrate. We shall see that the substrate events delivering the largest fraction of their energy to the STJ are clearly separated from other events (sections 2 and 3). The detection e ciency, response and resolution of this process will be described in section 4 and its detailed mechanism discussed in section 5. Special attention is accorded to the region of the substrate where such events occur. Various X-ray energies in the range 750 eV to 6000 eV and two junction sizes were used.
2 Experimental observation of substrate events 2.1 Experimental con guration All measurements presented here were based on a substrate made of single crystal sapphire. Sapphire has a spacegroup R3c, with a trigonal cell ( = 85 43 0 ; a= 6:9 A). A sample of 0.5 mm thick and impurity level 23 ppm has been grown to have an orientation 1102] (i.e. the R-plane orientation) for the plane of the substrate-junction interface. The ballistic phonon ux pattern in such a crystal has been measured and calculated by Every et al. 7] On the substrate a set of 8 junctions was deposited. Their base electrodes were layers of 110 nm of epitaxial Nb, on which a layer of 5 nm Al was deposited. The barrier was produced through the oxidation of part of this Al layer and had a resistivity of 2:5 10 ?6 cm 2 . The top electrode consisted of another 5 nm thick Al layer and 210 nm of polycrystalline Nb. Measurements were carried out with two junctions of sizes 20 20 m 2 and 50 50 m 2 .
This system was placed in a vacuum environment and clamped to a cold nger, cooled via a pumped 4 He cryostat. A magnetic eld was applied, by a superconducting magnet, in order to suppress the d.c. Josephson current.
The current pulses from the STJ were fed into a charge sensitive preampli er and a shaping stage, operating at room temperature, and optically coupled to a PC. During all measurements, a test pulser was connected to the preampli er, in order to monitor the electronic noise and linearity of the electronics.
Experiments performed 2.2.1 Observed spectrum
The substrate events spectrum was obtained as a function of energy from 750 eV to 6000 eV using monochromatized synchrotron radiation. A detailed description of the setup of this experiment can be found in 8] . The temperature at the cold nger was about 1.38 K. An additional 55 Fe source was continuously illuminating the STJ's to calibrate the gain of the detector. Figure 1 -a shows a typical charge spectrum, corresponding to the irradiation of a 20 20 m 2 device by X-ray photons with an energy of 1600 eV. The contribution of the calibration source has already been removed from this spectrum. Several contributions are clearly seen: a) events with the highest charge output ( 16 a.u.) correspond to the base Nb lm response; b) the other isolated peak at 11 a.u. is the top Nb lm contribution; the di erent numbers of counts in the top and base lms are due to the di erent thicknesses of the electrodes; c) at the lowest charge outputs (below 5 a.u.), the substrate contributions can be seen.
The substrate events are in turn divided in two classes. The well-de ned peak at higher charge outputs ( 4 a.u.) presumably arises from those events occurring closest to the junction, say within a characteristic distance d 1 of the junction. We shall call this the direct peak; a full discussion of its origin will be given later. Finally, at the very lowest charge outputs, a broad non-resonant back-ground can be seen. The appearance of a peak is an artifact created by the low charge cut-o of the electronics. It has been shown by Rando et al. 9 ] that the phonons generated by deep absorption events have a su cient life time in sapphire to reach the junction, even after multiple scattering or re ections on the substrate boundaries. We believe that this indirect feature is due to di usively propagating phonons. As we shall see, its magnitude does not depend on the lateral position of the X-ray beam relative to the STJ. In contrast, the direct feature is observed only when the STJ is directly illuminated.
Observation of indirect events
In order to have a better understanding of what are the direct and indirect events contributions, the spectral properties of the indirect events were established by two dedicated experiments. The substrate was illuminated by a collimated beam of Mn-K (5895 eV) and Mn-K (6490 eV) X-rays excited by the decay of 55 Fe. In the rst experiment the X-ray source was placed on the junction side of the substrate (front-illumination), but some 2 mm away. For the second experiment, the substrate was illuminated from the opposite side (back-illumination). In both cases, the position of the cold nger was also varied in the plane of the junction-substrate interface, in order to evaluate any possible spatial uctuation in the response. A similar scanning system has been described in reference 10] . The temperature of the cold nger was set at 1.2 K and 1.38 K.
The charge spectra obtained from both measurements were identical to within 2% and could be scaled to correspond to the indirect feature of gure 1-a. No dependence on the position of the cold nger was found. This supports the identi cation of the lowest observed charge outputs as arising as a result of phonon multiple scattering and re ections on the substrate boundaries. Finally, no temperature dependence of the indirect peak was observed.
Extracting the direct events
To extract the direct events from the data delivered by the experiment described in section 2.2.1, the indirect events must be removed. This operation has been performed by scaling the spectrum obtained from the measurements described in section 2.2.2. This scaling was based not only on the di erence in energy of the incident X-rays (5895 eV for the indirect events and between 750 eV and 6000 eV for the basis spectrum), but also on the observed non linearity of the STJ 8] .
Figures 1-b and 1-c illustrate the subtraction of indirect events from the initial spectrum of gure 1-a. The solid line in gure 1-b is an enlargement of gure 1-a in the substrate events region. The dashed line is an overplot of the scaled indirect events. The inconsistency at low charge values results from this scaling, which also incorrectly scales the constant event threshold. This scaled spectrum is subsequently subtracted, resulting in the residual direct events spectrum of gure 1-c. Similar results were obtained, for energies in the range 1000-5000 eV with the 50 50 m 2 device and 1000-3000 eV with the 20 20 m 2 . The spectrum of the direct events can be described adequately by a Gaussian curve skewed at the lower charge values. Since the base lm response at 16 a.u. is nearly perfectly Gaussian (see 8]), it is reasonable to assume that the true direct events give rise to the Gaussian portion. The presence of the low charge tail can perhaps be explained by the detection of quasi-direct events, absorbed in the transitional region separating direct and indirect events.
4 X-ray performance of the direct events
Charge output
The charge output Q out , corresponding to the mean of the Gaussian in gure 1-c, is plotted as a function of energy in gure 2. This response is linear to less than 3 % for the 50 50 m 2 device and 5 % for the 20 20 m 2 device (in the energy range 1000 to 5000 eV and 750 to 3000 eV, respectively).
In the case of a 50 50 m 2 device, Q out is about 30 % of the charge output from base lm events. For the 20 20 m 2 device, this gure is lowered to 25%.
The ratio of the substrate events charge output with the base lm events charge output Q b has an important physical interpretation. Once inside this electrode, a phonon has a lifetime of about 4.17 ps 11] against Cooper pair breaking in Nb, corresponding to a mean free path of 30 nm. Thus, in base lms of 100 nm thick, all the phonons are converted into detectable quasiparticles before crossing the tunnel barrier into the top lm. Hence, the ratio of the charge output for substrate events to the charge output for base lm events relates directly the fraction of its energy that the substrate event has sent to the STJ.
Energy resolution
The energy resolution E (FWHM=Full Width at Half Maximum) of a STJ is the combination of the Fano limited resolution F , the statistical uctuations in the number of electrons that tunnel across the barrier tun , the electronic noise contribution e and the variations due to spatial inhomogeneities s :
For absorption events occurring within the substrate, the e ects due to phonon propagation can be included in the spatial uctuations.
If the quasiparticle self-recombination is neglected, 2 F and 2 tun are proportional to the energy E of the incident photon 9, 12]. The base lm contribution to these two variances is estimated at 12 eV (FWHM) at E=6keV 8], which is negligible compared to the contributions of the electronics and the spatial uctuations.
The electronic noise can be calculated by observing the FWHM of the peak given by the pulser.
As for the spatial variations, the signal is the sum of a series of components, each being proportional to the energy E. Assuming that the proportionality factor is a function of the absorption site only { and not of E { the overall distribution has a sigma s equal to the di erence between 2 proportionality factors. This results in a variance 2 s / E 2 . Figure 3 plots the energy resolution of the direct events E ?e , after subtraction of the electronic noise. Two sets of data are presented: one is the FWHM as measured on the experimental peak, the other is the FWHM of the Gaussian t. The di erence between these two FWHM is indicated in gure 1-c.
The data points of the Gaussian FWHM could be tted (dashed lines in gure 3) by the function:
E ?e = p a + bE + cE 2 : (2) b was xed by the knowledge of F and tun at 0.024 eV ?1 8], a is a possible remaining o set and c provides a measure of the spatial contribution. The experimental FWHM cannot be tted by the same law. Indeed, it also includes the contribution due to quasi-direct events (see sections 3 and 5.3), which is expected to be directly related to the penetration depth for the photons in sapphire. As an example, it will be higher immediately below the Al-K edge (corresponding to a penetration depth of 2.9 m) than immediately above it (penetration of 0.9 m). The o set and the spatial contribution for the Gaussian FWHM are listed in Table I . In all cases, the o set is very small.
The measured FWHM is larger, especially for the 20 20 m 2 device. Also in this case, the e ect discussed above around the Al-K edge is clearly visible.
Absorption e ciency
The absorption e ciency for direct events can be de ned as the ratio of the number of direct events N d to the total number of detected events N t . Figure 4 shows the observed e ciency for the two devices. It exceeds 50% in the case of the 50 50 m 2 device.
According to the comments of section 2.2.1, d 1 is an experimentally de ned parameter; it is the distance from the STJ within which photon absorption events contribute to the direct peak. 
Here, the su x Sap is for`Sapphire'. 
The only remaining unknown parameter in equation (6) were derived. It is an important conclusion from these results that d 1 is independent of X-ray energy. That is, the thickness of the region giving rise to direct events does not depend on the thickness of the layer in which the X-rays are absorbed.
Summary of experimental observations
1. Substrate signals can be resolved into two distinct contributions, direct and indirect, with very di erent characteristics.
2. The indirect contribution is non-resonant and independent of the position of the absorption event relative to the STJ.
3. The direct contribution is a well-de ned peak, and is due to absorption events occurring within a distance d 1 of the STJ which does not depend on X-ray energy.
4. The direct peaks magnitude decreases relative to the indirect peak with increasing energy, whilst its linewidth scaled with X-ray energy.
Discussion

Interpretation of the direct events
In this section we discuss the origin of the direct peak, and attempt to explain the experimental features summarised above. We begin from the important observation that the volume of the region of the substrate from which the direct signal originates is independent of the energy of the absorbed X-ray. Thus, even when the X-ray energy, E, is increased so that the photons penetrate further into the substrate, still only those events occurring within a distance d 1 of the surface, and hence of the STJ, realise a charge output in the direct peak. Consistent with this result is the additional observation that the direct peak weakens relative to the indirect feature with increasing E. The latter relates to events which occur deeper in the substrate so that the phonons produced su er further scattering or decay before reaching the STJ. For the range of X-ray energies used in our experiments the absorption length lies between 0.5 and 30 m, so that all X-rays are absorbed somewhere at least within the substrate. We nd that the indirect magnitude scales with E, whilst as a fraction of this the direct peak, corresponding to the energy absorbed within a xed thickness d 1 , decreases with E.
In order to understand what may determine d 1 , we must consider the process by which the incident X-ray photon is converted into phonons which may eventually reach the STJ. The absorbed photon directly excites a single primary electron which rapidly loses its energy by exciting a shower of secondaries along a track. Each secondary electron excites the cascade of optic phonons before nally subsiding back into a bound state. The frequencies of the optic phonons are in the broad range above 10 THz, and their lifetime against spontaneous decay into lower frequency acoustic phonons a few ps, corresponding to a mean free path of 0.1 m. The acoustic phonons produced have typically frequencies centered around half of that of their parents. Thus, each X-ray absorption site can be regarded as a point-like source of phonons around 5 THz. These phonons can subsequently undergo either further inelastic scattering, through anharmonic decay down to the next generation of 2-3 THz in frequency, or may be scattered elastically through Rayleigh scattering from isotopes, impurities or crystalline imperfections. We examine these alternatives in detail.
There are no direct measurements of anharmonic decay of acoustic phonons in sapphire at this frequency. However we may attempt to estimate the appropriate lifetime directly from experimental data at other frequencies and theoretical calculations for the spontaneous anharmonic decay in sapphire. The theoretical calculation by Berke 14] Since the propagation of 5 THz phonons across the d 1 layer is undoubtedly ballistic we may enquire as to the role and importance of phonon focussing. First we note that the focussing patterns for such high frequency phonons will be signi cantly altered from given by 7] since the shape of equal energy surfaces is di erent from the continuum limit 19]. However, as long as d 1 is much less than the lateral dimension of the STJ, the solid angle subtended by the latter is close to 2 and no large di erence can result if the anisotropic distribution of caustics is replaced by an isotropic ux. Note, that for the deeper absorption events, involving further down-conversion from 5 THz and smaller solid angles, the possibility of the STJ missing some of the caustics is undoubtedly present.
Finally we note, that the general features of the model described here also suggest a natural explanation of the charge capture ratio Qout Q b . First, it is clear, that only phonons within a 2 solid angle at maximum can reach the STJ. In addition the transmission coe cient from the substrate into the Nb lms begins to fall o rapidly beyond the angle of incidence of 60 . The solid angle for this 60 cone indeed contains 25 % of the total ux (no matter whether isotropic or focused) as indicated by the base lm charge capture.
The major remaining question relates to the discreteness of the direct peak, that is, why phonons around 5 THz are so much more e ective in transferring energy to the STJ than those at lower frequencies. There are at least three aspects of the phonon transport which depend on frequency and hence may lead to discrimination between di erent phonon generations and the formation of the discrete peak. These are a) transmission across the interface with STJ, b) dependence of the collected charge on the spectrum of the entered phonons and c) dependence on phonon polarisation. a) Transmission across the interface has been estimated by an acoustic mismatch model 20]. However, above 2 THz the phonon spectrum in Nb deviates greatly from the continuum approximation 21] and is also very anisotropic. As a result the transmission may be greatly reduced from that estimated on the basis of the acoustic mismatch model. In addition, at higher phonon frequencies another transmission channel becomes increasingly important, which may enhance 5 THz transmission. This is due to short (atomic) scale interface irregularities, causing the di usive scattering of incident phonons rather than coherent transmission. Scattering is governed by the phonon density for the nal states and as such will take place predominantly into Nb. However, this mechanism is e ective only for high frequency phonons, increasing rapidly as 4 22, 23] .
b) The spectrum of phonon energies is important also since it is impossible for all the energy to be converted into charge by the STJ. A quasiparticle created by an incident phonon relaxes back to the band edge emitting further phonons which are then reabsorbed to split further Cooper pairs. Part of the initial energy is lost for the detection when the residual phonon energy does not exceed 2 Nb . How much energy in total is actually lost depends upon how many phonons entering the STJ carry the original X-ray energy, since each may lose 2 Nb . It is clear that we require as highly energetic phonons as possible to enter the Nb lm.
c) The rst generation of phonons at around 5 THz which enter the Nb are mainly longitudinal 21], while the second generation consists of predominantly transverse. Since the electron-phonon interaction is normally via deformation potential, we would expect the coupling between transverse modes and quasiparticles to be weaker.
The detection e ciency via the substrate
As can be seen from gure 5 the detection e ciency can be signi cantly improved if instead of the junction we use the substrate as an absorber. However, this high e ciency is limited to a small energy range, between the Al-K edge (1550 eV) and the Nb-L III edge (2370 eV). It is obvious that detection e ciency depends on the material properties of the substrate. In our model d 1 relates to the mean free path for rst generation phonons. Therefore, we are interested in nding an absorber with as large a ratio of d 1 L , where L is the characteristic X-ray absorption depth, as possible.
The following general requirements result from the analysis given above.
1. For two absorber materials with equal d 1 the higher Z material is more e cient.
2. On the other hand for two di erent absorber materials with the same X-ray absorption power, the less anharmonic material will result in a larger d 1 .
3. The use of the materials possessing strong elastic anisotropy which causes strong anisotropy in spontaneous anharmonic decay lifetimes would be also advantageous if combined with an appropriate surface orientation. In such materials a longer mean free path in the lateral direction(s) would mean that phonon energy collection for the direct peak comes from e ectively bigger volumes.
Energy resolution
The measured energy resolution is poor and needs improvement. The observed dependence of the FWHM on energy implies that the main contributions to the line shape are from spatial variations of the STJ response: a) In the STJ itself, the quasiparticle tunneling probability across the STJ barrier can be signi cantly lower close to the edges or to the leads of the STJ, than at the center. This is due to escape through the edges or di usion to the leads. The contribution due to spatial non-uniformities in the base lm of the STJ is shown in table I. The data were borrowed from Verhoeve et al. 8] . They are an order of magnitude lower than the e ect of spatial variations due to the phonon mediated process, also listed in the same table I.
b) In the process of phonon mediated detection spatial variations of the signal arise in two ways. (i) When a photon is absorbed in the substrate, below the junction but close to its edge, the solid angle between the absorption point and STJ rapidly falls o from 2 to at the edge and =2 at the corner. For these direct events the phonon ux reaching the STJ diminishes rapidly. This contribution is of geometric origin and mainly controls the Gaussian FWHM. The number of X-ray absorption events near the edges of the STJ is proportional to the area of peripheral strips of width d 1 . Hence the Gaussian FWHM is governed by the parameter 4d 1 =a, where a is the side of the STJ; this ratio is about 1/5, close to the result of observations. (ii) The deviation of the experimental FWHM from the Gaussian FWHM is by de nition due to absorption events taking place beyond the layer of thickness d 1 . The fraction of the original X-ray energy delivered to the STJ is smaller for the reasons discussed in section 5.1. In addition, the solid angle subtended by the STJ will be smaller, so that some of the phonon caustics may be missing from the STJ thus causing stronger spatial variations. These e ects contribute to the direct peak only on the low charge side, and will be reduced in a higher Z material.
Another way to improve the resolution consists in ltering the rise time of the signal. Figure 6 -a shows a three dimensional view of the charge spectrum at 1600 eV: to each event is associated a charge output and a rise time. The number of events having the same charge output and rise time are piled up in the z-direction. The darkest regions correspond to the densest acquisition. It appears from this scatter plot that the indirect events are detected in a very large range of rise time. Cutting the events falling in a narrow rise time window around the mean rise time for direct events, removes a non negligible amount of indirect events, including at the high charge outputs. Figure 6 -b shows the charge spectrum after having cut all events with rise times exceeding or smaller than the mean rise time of direct events by more than 5 %. The improvement in FWHM is about 20 % compared to the one measured from gure 1-a.
Conclusions
Phonon mediated detection of X-rays in the range of energies from 750 to 6000 eV was studied experimentally for the Nb based STJ on crystalline sapphire substrate as an absorber. It has been clearly demonstrated that phonon mediated detection signal shows a discrete (direct) peak superimposed on monotonic tail. The direct peak was shown to arise as a result of high (few terahertz) frequency acoustic phonon contribution originating from the X-ray absorption sites in the shallow layer below the STJ. The thickness of this layer is related to the averaged rst phonon generation mean free path and does not depend on X-ray energy. Contrary to the direct peak, the phonon signal tail is due to much lower frequency acoustic phonons originating through the process of phonon down conversion. Their mean free paths are comparable to the absorber thickness. The shape of the phonon tail has been proved to be independent on the position of the absorption site and the same for both front and back illumination experimental geometry. A good quantum e ciency for the device was demonstrated, although in a limited X-ray energy range. Resolution is mainly a ected by spatial uctuations and proved to be relatively poor. The possibility to improve both resolution and quantum e ciency in the process of phonon mediated X-ray detection is analysed, based on the results of the proposed model for the phonon transport in the detector structure.
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